We propose a hybrid silicon-nitride (Si 3 N 4 or SiN for short)/nonlinear polymer waveguide to achieve second-harmonic generation of an input 1550 nm signal by modal phase-matching between zero-order spatial mode at 1550 nm and second-order mode at 775 nm. We explore and optimize two cases, single channel waveguide and slot waveguide, by varying the waveguide dimensions. For TE polarized light, the optimum slot waveguide exhibits an effective interaction area A eff of about 16 μm 2 , which is an order-of-magnitude improvement over the single channel waveguide and can translate to a high value of effective nonlinearity. We also show that the optimum slot waveguide geometry is robust with respect to fabrication uncertainties and bending effects.
Investigation of Hybrid
Silicon-Nitride/Polymer Waveguides for Second-Harmonic Generation
Introduction
Future optical sensing, communications, and signal-processing systems will need to be compact, environmentally-robust, and energy-efficient. These requirements raise the need for on-chip integration of nonlinear-optical devices (e.g., parametric amplifiers, wavelength converters, and secondharmonic generators) with sources, detectors, and other components used in such systems. While promising χ (3) -based platforms are emerging continuously [1] - [3] , χ (3) devices suffer from parasitic Raman and higher-order mixing processes degrading their noise properties (e.g., limiting the noise figure of a "noiseless" phase-sensitive amplifier to just over 1 dB [4] , [5] ). χ (2) interaction is free from such noises and can therefore be attractive for future low-noise-classical and quantum information processing applications [6] . However, the focus of χ (2) integrated photonics has largely remained on PPLN and PPKTP waveguides, whose inherent losses and low index contrast limit the scale of integration. For better χ (2) integration potential, a hybrid approach combining silicon waveguides with nonlinear polymer cladding was introduced [7] , [8] . However, nonlinear-optical applications of silicon-based devices are limited by the two-photon absorption (TPA). An attractive and CMOScompatible dielectric alternative to silicon waveguides, silicon nitride (Si 3 N 4 or SiN for short), has high refractive index (1.9-2.0) and low absorption in both telecom / near-IR and visible wavelength ranges, which makes it possible to be used in compact photonic circuits with tight bending radii [9] - [12] . SiN also has high power-handling ability owing to negligible TPA, while exhibiting a relatively high nonlinear refractive index n 2 suitable for χ (3) applications [13] - [18] . Thus, SiN waveguides and microrings can be used for both linear and χ (3) -nonlinear optics applications. On the other hand, χ (2) processes in SiN-based non-hybrid structures are limited by the central symmetry of SiN to very weak effects observable only either at the surface [19] , [20] or after electric-field poling [21] . Effective χ (2) nonlinearity in SiN microrings has also been achieved in four-wave-mixing-based coherent photon conversion scheme [22] .
In this paper, we describe a design of a hybrid SiN waveguide with nonlinear polymer cladding suitable for making efficient χ (2) -based devices. We use second-harmonic generation (SHG) as an example. We employ modal phase matching [23] - [25] between 0 th -order mode of the near-infrared (1550-nm) fundamental wave and 2 nd -order mode of the SHG wave (775 nm). This technique is similar to the one previously used in SiN-surface-based SHG [20] , and it builds upon our work on multimode parametric amplification [24] , [26] , [27] and mode-selective wavelength conversion [25] , [28] - [30] . We numerically optimize the waveguide configuration to simultaneously achieve the phase matching and maximize the nonlinear overlap integral between the interacting waves. We discussed preliminary results of this study at two conferences [31] , [32] . The present paper is our complete report on full optimization of the waveguide geometry over a wide practical parameter range.
The structure of the paper is as follows. Section 2 introduces the phase-matching condition and the nonlinear overlap integral. We start by studying a single channel waveguide in Section 3, achieving the modal phase matching in both TM and TE cases. However, the nonlinear overlap in the polymer cladding region is found to be extremely small, making the single channel waveguide very inefficient for nonlinear-optical applications. In Section 4, we turn to investigation of a slot-based waveguide, and find that it meets the goals of both phase matching and maximizing nonlinear overlap integral. In Section 4.3 we also show that the slot-based waveguide is robust with respect to bending with reasonable radii down to ∼150 μm, which permits its use in microresonators. Section 5 summarizes our work.
Theoretical Background
Devices that exploit second-order nonlinear effects have to meet two conditions: 1) satisfy phase matching of the interacting waves, which is necessary for accumulation of the nonlinear effects over the entire propagation distance, and 2) have a large effective nonlinearity, which is determined both by the χ (2) tensor elements of the nonlinear material and by the overlap integral of the nonlinear material and the interacting modes [25] , [31] . Propagating the fundamental and SHG waves in two different waveguide modes presents an opportunity to overcome the material and waveguide dispersions and achieve perfect phase matching by making the effective refractive indices of these modes equal:
where m and n are the mode orders of the fundamental (wavelength λ 1550 = 1550 nm) and SHG (wavelength λ 775 = 775 nm) waves, respectively. Under normal dispersion conditions, typical for waveguides fabricated from relatively thin SiN films (a few hundred nm thick), the phase matching requires n > m. Once the phase-matching condition is satisfied, one needs to maximize the effective nonlinearity. For a given choice of the material with nonlinear constant d eff , this means maximizing the nonlinear overlap integral of the two interacting modes and the nonlinear material
which also equals the inverse effective area A eff of the SHG interaction. In Eq. (2), m,1550 and n,775 are the electric-field profiles of the m th -order mode at λ 1550 and n th -order mode at λ 775 , respectively. θ(x, y) shows the transverse distribution of the nonlinear material: it equals 1 within the nonlinear polymer and 0 outside of it. Since θ(x, y) is typically an even function of x (x = 0 at waveguide's vertical line of symmetry), n,775 must also be an even function of x; otherwise, becomes zero. The lowest orders satisfying both this and n > m conditions are m = 0, n = 2, on which we focus from now on. The normalized small-signal SHG conversion efficiency η is related to fundamental power P 1550 , SHG power P 775 , and waveguide length L by
Investigation of a Single Channel Waveguide
We first consider a simple single channel waveguide with upper cladding made of a nonlinear polymer, shown in Fig. 1 . The waveguide's lower cladding is a 3.5-μm-thick layer of thermallygrown silicon dioxide (SiO 2 ), which provides sufficient mode isolation from the Si substrate. We find from Sellmeier equation [33] the refractive indices of 1.998 (1.979) for stoichiometric SiN, i.e., Si 3 N 4 , core and 1.454 (1.450) for SiO 2 lower cladding at 775 nm (1550 nm) wavelength and assume index of 1.46 for a generic nonlinear polymer. In effective-index and mode-profile calculations, the polymer nonlinearity is neglected. We model the entire waveguide structure of Fig. 1 by RSoft / Synopsys BeamPROP software, which uses finite-difference beam propagation method (FD-BPM) [34] . We start with a typical SiN waveguide with dimensions 1 μm × 0.32 μm (W × H), which does not require growing thick SiN films. It supports single 1550-nm and three 775-nm spatial modes. The mode profiles at 1550 nm and 775 nm are shown in Fig. 2 , where TE corresponds to the horizontally-polarized (non-zero E x ) and TM corresponds to the vertically-polarized (non-zero E y ) electric field.
Next, we vary the width W and height H of the waveguide to achieve modal phase-matching separately for TE-and TM-polarized cases [35] , with the results shown in Fig. 3 . As can be seen in Fig. 3 , phase-matching for TM polarization can be obtained by varying either width or height of the SiN core, whereas phase-matching for TE polarization can only be obtained by varying the waveguide width. The values of width W and height H corresponding to the phase-matched condition, as well as the resulting values of the effective area A eff of SHG interaction are summarized in Table 1 for both TE-and TM-polarized cases. The results in Table 1 indicate that in a single-core waveguide structure the effective area A eff of SHG interaction is too large (∼200 μm 2 ) to yield an efficient nonlinear process. The reason for this is the fact that all three lobes of the 2 nd -order SHG mode overlap with the fundamental wave in the nonlinear polymer cladding region. Compared to the central lobe, the outer lobes provide opposite-sign contribution to the overlap integral of Eq. (2), largely canceling the central-lobe's contribution and greatly reducing (and, hence, increasing A eff ). To maximize the overlap integral, it would be highly desirable to reduce the contribution of the outer lobes to by reducing either their overlap with the fundamental wave or their overlap with the nonlinear material, while keeping the contribution of the central lobe intact. As we will see in the next Section, this can be achieved in a double-core waveguide structure (slot waveguide).
Investigation of a Slot Waveguide
Slot waveguide consists of two channel cores of high refractive index, separated by a narrow gap (slot). The width of the low-index slot is normally less than the decay length of the field extending from the cores [36] . One of the advantages of the slot waveguide is the wide range of dispersion engineering realizable with it [37] , [38] . Perhaps, its even more important advantage is the possibility of a significant electric-field enhancement in the slot region due to the discontinuity of the electric field at the slot-core interface [39] , [40] . When the slot is filled by a nonlinear polymer material, this field enhancement can be used for nonlinear-optical applications: silicon-organic hybrid double-slot waveguides [8] and hetero-slot waveguides consisting of SiN and aluminum nitride [41] were proposed for χ (2) nonlinear processes in mid-infrared range. In this Section, we study a simple single-slot waveguide design and show its suitability for SHG by achieving phase matching and maximizing nonlinear overlap integral through optimization of waveguide geometry. We also describe the robustness of this design with respect to bending with reasonable radii down to ∼150 μm, which permits its use in microresonators.
Design and Optimization
We model and optimize the hybrid slot waveguide structure of Fig. 4 , where upper cladding made of a nonlinear polymer also extends into the slot between the two SiN channel waveguides. We concentrate on the TE mode (horizontally-polarized electric field), because its electric field is significantly enhanced in the slot region, compared to the TM mode. Figure 5 shows the TE spatial modes supported by the slot waveguide with width W = 589 nm, height H = 450 nm, and slot width S = 200 nm: 2 at 1550 nm and 4 at 775 nm. These modes can be related to symmetric and anti-symmetric superpositions of the similar modes of the two distant channel waveguides. When the two channels are moved close to each other, their coupling makes these superpositions non-degenerate. In the symmetric (even-order) modes the fields from the two channels add in phase in the slot region. We will consider interaction between m = 0 mode at 1550 nm and n = 2 mode at 775 nm, for both of which the field in the nonlinear slot is strongly enhanced. Note that the negative-sign outer lobes of the 2 nd -order 775-nm mode do not extend into the field-enhanced slot region and overlap only with weak tails of the 0 th -order 1550-nm mode, which limits their negative impact on . We optimize two cases having same linear (effective indices, mode structure), but different nonlinear (overlap ) properties: a) nonlinear polymer confined only to the slot region, whereas the upper cladding is made of a strictly linear polymer; b) nonlinear polymer extending to both slot and upper cladding regions.
We start optimization of the slot waveguide geometry from the parameters of the optimum single channel waveguide for the TE case (1.08 μm W × 0.32 μm H), divide its width by two, and insert a 0.1-0.5-μm gap between the two halves (limited by practical fabrication constraints on the lower side [42] and by decreasing nonlinear overlap on the higher side). The height of the waveguide corresponds to the thickness of SiN layer, growth of which is limited by the high tensile stress [43] . To optimize, we independently vary the waveguide height H and slot width S, choose each channel width W to satisfy the phase-matching condition for given H and S, and then finally calculate the overlap integral of Eq. (2) for each combination. Figure 6a shows the resulting effective interaction area A eff as a function of waveguide height H for two values of slot width, S = 200 nm and S = 310 nm. In all cases, the optimum height is near 450 nm. Next, we vary the slot width S while keeping the height H at 450 nm (the width W is always adjusted to obtain the phase matching) and plot the resulting values of A eff in Fig. 6b . We see that the effective area monotonically increases with slot width, initially very slowly (in 100 . . . 150-nm region) and then linearly (after ∼175 nm). Even though the smallest slot widths offer marginally smaller A eff values, etching of narrow slots with high-aspect-ratio (100 nm wide × 450 nm deep) is very challenging. We choose S = 200 nm as the smallest practical slot width, and, according to Fig. 6b , it yields A eff within 20% from its global minimum value. For the optimum combination of height H = 450 nm and slot width S = 200 nm, the phase matching is achieved at channel width W = 589 nm. Figure 7a shows effective indices n eff of various 775-nm and 1550-nm modes versus slot width S at optimum values of H = 450 nm and W = 589 nm. The curves for 0 th -order fundamental mode and 2 nd -order SHG mode almost overlap in a wide region around design value of S = 200 nm, indicating nearly non-critical phase-matching that is robust to fabrication errors.
Results and Discussion
The results of the optimization are summarized in Table 2 . For polymer that fills both the slot and the upper cladding, we have obtained the minimum effective area A eff = 22.1 μm 2 . The effective area can be further reduced by using polymer only in the slot region and filling the rest of the upper cladding by a linear polymer (or by SiO 2 ). In that case, the overlap-reducing contribution of the Figure 7b shows the wavelength dependence of the effective index for the optimum slot waveguide in the vicinity of the phase-matching wavelength. Detuning from the design wavelength changes the effective index by n eff 0.015 per 100 nm of wavelength change. This can be used to estimate the shift of the phase-matched wavelength owing to fabrication errors.
Effect of Bending
To explore the use of the hybrid SiN / polymer slot waveguide in microrings, we analyze the effect of bending on the optimum slot waveguide (W = 589 nm, H = 450 nm, S = 200 nm) by employing the simulated bend method of RSoft BeamPROP [34] . This method maps a bent waveguide onto a straight waveguide by a coordinate transformation. The waveguide length is taken as a quarter arc with a radius R = c / (2π n eff ν) = 146.7 μm, corresponding to a microring with free spectral range ν = 200 GHz and phase-matched effective index n eff = 1.6274. We consider TE case only and find that bending slightly shifts the phase-matching wavelength. This shift can be compensated by either a small change in the waveguide dimensions (e.g., ∼3 nm change in channel width W) or by a slight (<10 nm) shift of the slot position towards the center of curvature [45] , as shown in Fig. 8a . In Fig. 8a the slot position is varied with respect to the center of the structure in a range from -100 nm to 100 nm, which corresponds to the movement towards outside and inside of the bend, respectively.
Such shift of the slot does not significantly impact the effective area A eff of Eq. (2), as shown in Fig. 8b . 10-nm shift of the slot reduces A eff by about 2.1% when the polymer is only in the slot region and by about 1.7% when the polymer is in both slot and upper cladding regions. These results prove the robustness of the hybrid SiN / polymer waveguide to bending.
Conclusions
We have discussed the design and optimization of a SiN waveguide with polymer cladding layer to generate second harmonic of a 1550-nm wave. We have shown that a single channel waveguide can be optimized to achieve the phase-matching condition between 0 th -order fundamental and 2 nd -order second-harmonic modes, but the effective nonlinearity in this case is very low due to a poor nonlinear overlap integral. In contrast, an optimized slot waveguide with nonlinear polymer filling either the slot or both the slot and upper cladding has an order-of-magnitude higher nonlinear overlap integral. We have shown that both phase-matching condition and the nonlinear overlap integral are robust with respect to fabrication errors and to waveguide bending with radii as small as ∼150 μm, which is promising for the development of waveguide-and microresonator-based nonlinear photonic integrated circuits. The conversion between a fundamental Gaussian beam and a higher-order waveguide mode can be easily done by a phase plate or a spatial light modulator [29] , [30] .
